subpopulations of VNO neurons to the brain. We observe that neurons expressing a given pheromone receptor project to multiple loci within the accessory olfactory bulb that are likely to represent glomeruli. Specific glomeruli are clustered within broad but spatially restricted domains within the accessory olfactory bulb (AOB) that differ for neurons expressing different receptors. Moreover, we observe that individual glomeruli in the AOB may receive input from more than one type of sensory neuron. Thus, the AOB may be engaged in extensive integration of chemosensory information, a process largely restricted to higher sensory centers in the main olfactory system. Finally, the formation of the sensory map in the AOB and the survival of VNO sensory neurons requires the expression of pheromone receptors.
Results

Visualizing Neurons Expressing Individual Pheromone Receptors and Their Projections to the AOB
We have used gene targeting to modify two pheromone receptor genes so that each of these loci now encodes a biscistronic mRNA that allows the translation of receptor along with the fusion protein tau-LacZ (Callahan and Thomas, 1994; Mombaerts et al., 1996; Wang et al., 1998). In these mice, it is possible to directly visualize the pattern of projections of specific subpopulations of VNO neurons in the brain. Genomic clones, encoding the VN2 and VN12 receptor genes, were modified by the insertion of a cassette immediately 3Ј of their stop resulting from recombination at the VN12 locus was transiently transfected with a vector driving the expression of Cre recombinase (pB5185) in order to delete the tk and neo sequences while leaving a single loxP site. al., 1994; Mombaerts et al., 1996; Wang et al., 1998). The bulb therefore provides a spatial map that identifies ES clones resulting from targeting at the VN2 locus maintain an LNL cassette that was not removed in these which of the numerous receptors have been activated within the sensory epithelium. The quality of an olfactory experiments. VN2-and VN12-targeted clones were introduced into blastocysts to generate chimeric mice. stimulus would therefore be encoded by specific combinations of glomeruli activated by a given odorant. Since
The progeny of these chimeras were bred to establish two genetically altered mouse lines, VN2/66 and VN12/ each projection neuron in the bulb (or mitral cell) extends dendrites to a single glomerulus, integration of spatial T40. Mice homozygous for either VN2-IRES-tau-lacZ or VN12-IRES-tau-lacZ were then analyzed for ␤-galactosipatterns of glomerular activity in the bulb must largely be occurring in the olfactory cortex. dase activity in the nose and brain (Figure 3) . Analysis of whole mounts of the nasal cavity dissected In this study, we analyze the pattern of projections of vomeronasal sensory neurons to the accessory bulb in from adult VN2-and VN12-IRES-tau-lacZ mice reveals a subpopulation of VNO sensory neurons whose denorder to provide insight into the logic of olfactory coding in the vomeronasal system. We have used gene tardrites, cell bodies, and axons display intense blue color after staining with X-gal (Figures 3b and 3c) . Blue fibers geting to visualize the pattern of projections of specific These results, demonstrating the specific projections from VN2 ϩ and VN12 ϩ neurons, contrast with the patterns observed in mice homozygous for the OMP-taulacZ mutation (Figures 3a, 3d, and 3g) . OMP is expressed in all olfactory sensory neurons (Farbman and Margolis, 1980) . Mice with tau-lacZ targeted into the OMP locus display intense X-gal staining in the main olfactory epithelium, the vomeronasal organ, and the septal organ (Figures 3a and 3d; Mombaerts et al., 1996) . Moreover, LacZ activity is apparent in the projections of all neurons from the MOE and septal organ to the main olfactory bulb, as well as in the vomeronasal fibers entering the AOB (Figures 3g and 3j) .
In the main olfactory bulb, olfactory glomeruli are clearly discernible histologically as neuropils of sensory fibers and mitral cell dendrites that are encapsulated by periglomerular neurons and glia. Such anatomical delineation of glomeruli is less apparent in the AOB, since only a small number of periglomerular cells surround the glomeruli and the glomerular borders are therefore not clearly defined. In the VN2-and VN12-IRES-tau-lacZ mice, intensely blue neuropils composed of sensory terminals from VN2 ϩ and VN12 ϩ neurons are Can we discern a consistent spatial pattern of projections from VN2 and VN12 neurons, or are the VN2 and VN12 projections randomly distributed in the AOB? We are readily visualized as they emerge from the vomeronasal epithelium and travel along the septum, cross the have performed a detailed analysis of the pattern of axonal projections in the right and left AOB in multiple cribriform plate, and project along the medial surface of the olfactory bulb. A higher-power view of the VNO mice bearing VN2-and VN12-IRES-tau-lacZ alleles. X-gal staining of whole-mount preparations (Figure 4) in these mutant mice reveals fasciculation of the axons as they emerge from the VNO into the nasal septum was performed on over 20 homozygous VN2-and VN12-IRES-tau-lacZ mice. In addition, the entire AOBs from (Figures 3e and 3f) . A larger number of LacZ ϩ sensory neurons expressing higher levels of ␤-galactosidase is 12 VN2-and 12 VN12-IRES-tau-lacZ mice were sectioned in either a coronal or a parasagittal plane (see observed in the VN12-IRES-tau-lacZ mice than in the VN2-IRES-tau-lacZ line. The vomeronasal projections Experimental Procedures). All serial sections were examined, permitting a systematic 3D analysis of the posibypass the main olfactory bulb to enter the accessory bulb posteriorly. A dorsal view of the olfactory bulb extions of all glomeruli in each animal (Figures 5a and 5b) . In this analysis, both the rostrocaudal and mediolateral poses the AOB and reveals a complex pattern of ␤-galactosidase-positive vomeronasal fibers as they enter the position as well as the respective depth of large accretions of fibers were scored, allowing us to identify do-AOB (Figures 3h and 3i) . As the blue axons converge on the AOB, they bifurcate with one bundle tracking mains occupied by VN2 and VN12 projections. Because it is sometimes difficult to distinguish fiber tracts from more superficially along the dorsal boundary and a second penetrating deeper into the AOB more ventrally. fiber termini (or glomeruli), the number of scored glomeruli is overestimated. The whole-mount preparations allow us to identify the projections of VN2 ϩ and VN12 ϩ fibers to multiple superfiExamination of whole-mount preparations reveals a pattern of superficial glomeruli that is conserved among cial glomeruli. This complex pattern of convergent fibers and glomeruli is different for the VN2-and VN12-IRESdifferent animals of the same line (Figure 4) . The patterns of glomeruli are more similar when comparing the left tau-lacZ mice. the anterior AOB appear consistently devoid of blue 1996). However, we have been unable to successfully detect specific glomeruli in the AOB by in situ hybridizafibers (Figure 5a ). The 3D reconstruction of these VN12 mice was performed solely from the scoring of histologition with receptor probes. In the absence of these control experiments, we therefore cannot argue with cercal sections. The lower complexity of projections in the VN2 mice allowed a 3D reconstruction that incorporates tainty that the genetic modifications introduced into the pheromone receptor loci do not alter the projection patinformation from both whole mounts and sections (Figure 5b) The relatively small size of the AOB, taken together with the observation that neurons expressing a given pherodomains within the AOB are conserved in all animals examined by these serial reconstructions. However, the mone receptor project to 10-30 glomeruli, suggests the possibility that individual glomeruli might receive input size of the domains and the number of fiber collections within them varies from animal to animal. from more than one type of sensory neuron. We therefore used immunocytochemistry and confocal analysis to deWe must add a note of caution in our interpretation of a spatial map of vomeronasal projections. In similar termine whether glomeruli that receive input from either VN2-IRES-tau-LacZ-or VN12-IRES-tau-LacZ-expressexperiments to map the projections of sensory neurons in the main olfactory bulb, we had used in situ hybridizaing sensory neurons also receive input from LacZ Ϫ sensory fibers that presumably express different receptors. tion to demonstrate that the genetic modification of receptor loci to create a receptor IRES-tau-lacZ allele does
In initial experiments, antibody directed against the neural adhesion molecule (N-CAM) was used to identify the not alter the patterns of projections (Mombaerts et al.,
Immunofluorescence analysis of AOB sections on VN2-or VN12-tau-lacZ mice with antibodies directed against ␤-galactosidase reveals intensely stained collections of intermingled LacZ ϩ fibers. As noted above, in the absence of defining periglomerular cells it is difficult to unequivocally identify these neuropils as glomeruli (sensory endings synapsing with mitral cell dendrites). All glomeruli were examined by collecting confocal Z series to reveal the convergence, termination, and therefore the ultimate disappearance of LacZ ϩ fiber collections, allowing us to define these structures as VN2 or VN12 glomeruli. A consistent pattern emerges from this twocolor immunofluorescence analysis. Small and mediumsized VN2 and VN12 glomeruli appear to be composed entirely of LacZ ϩ fibers ( Figure 6A a-c ) . In this class of glomeruli, all sensory inputs are both N-CAM ϩ and LacZ ϩ , suggesting that these neuropils are dedicated: they receive input from only one neuronal type. In contrast, larger glomeruli receive input from two classes of fibers, LacZ ϩ N-CAM ϩ fibers (expressing either VN2 or VN12) and LacZ Ϫ N-CAM ϩ fibers (presumably expressing a second receptor type), suggesting that these glomeruli receive input from more than one neuronal cell type ( Figure 6B a-c ) . In these glomeruli, the LacZ Ϫ N-CAM ϩ termini are often grouped in clusters and occupy significant regions of the glomerulus. In other mixed glomeruli, the LacZ Ϫ N-CAM ϩ fibers intermingle with the LacZ ϩ fibers, rendering it unlikely that these two populations of axon termini reflect the close apposition of two distinct glomeruli.
The presence of mixed glomeruli in the AOB receiving input from sensory neurons expressing different recep- bodies to LacZ and synaptotagmin reveals the presence of large LacZ ϩ glomeruli that contain a significant input from LacZ Ϫ synaptotagmin ϩ fibers ( Figure 6B d-f ) . These entire population of sensory fibers, whereas antibodies observations further suggest that the AOB glomeruli can to ␤-galactosidase identify the specific VN2 or VN12 receive input from different populations of sensory figlomeruli. N-CAM is expressed throughout the sensory axons but is not expressed by mitral cells (not shown).
bers. It is important to note that mixed glomeruli are not Figure 2C ). neurons within the glomeruli, rather than from the termini of sensory afferents. We therefore specifically labeled
e-h) Confocal sections through VN12 glomeruli of a DiO-labeled AOB (green) exposed to anti-␤-galactosidase antibody (red). (e), (f), and (g) are 2 m apart; (h) is 5 m from (g). The three neuropils (glomeruli) denoted by the white arrowheads display extensive intermingling of DiO
We have examined the pattern of projections of neurons expressing the VN12⌬-tau-lacZ allele in young anisensory fibers of VN12-IRES-tau-lacZ mice by pressure injecting lipophilic dye (DiI or DiO) into vomeronasal mals by immunofluorescence staining of AOB sections with antibodies directed against ␤-galactosidase and nerve fascicles outside of the AOB (Figure 7) . Diffusion of the dye within VNO fibers assures that the fluorescent X-gal staining (Figures 8a-8f) . In contrast to wild-type VN12 ϩ axons that converge on multiple discrete glomerprojections within the AOB reflect the exclusive labeling of vomeronasal sensory projections. Thick sections uli, the VN12⌬ fibers appear broadly dispersed throughout the glomerular layer of the AOB (Figures 8b, 8d 
h-j) Whole-mount X-gal staining of the VNO of VN12-IRES-tau-lacZ (h) and VN12⌬-IRES-tau-lacZ mice (i and j). In 6-week-old VN12-IREStau-lacZ mice (h)
, a large population of blue neurons is detected in the VNO. In mutant animals lacking the VN12 coding sequence (i and j), a striking decrease of blue sensory neurons is observed in the VNO at 4 weeks (i) and is accentuated with age (j, 6 weeks).
scarce with only an occasional blue neuron present (Fig-
Rather, these data suggest that expression of pheromone receptors is essential for the formation of a senures 8h-8j). Taken together, these data suggest that receptor expression is required for the appropriate tarsory map in the VNO as well as for neuronal survival. geting of axons to the correct glomeruli domains within the AOB. Moreover, receptor expression appears to be Discussion required for neuronal survival, suggesting that the survival of vomeronasal neurons depends upon appropriate All organisms have evolved mechanisms to recognize chemosensory information in the environment and targeting in the AOB or that the pheromone receptor may play an independent function in maintaining the transmit this information to the brain, where it then must be processed to create an internal representation of the survival of the neuronal population.
An alternative interpretation of these observations is external world. This representation, this sensory map in the brain, must then be decoded to translate stimulus that neurons that fail to express a functional VN12 receptor transcribe a second receptor from the repertoire of features into appropriate cognitive and behavioral responses. One category of olfactory cues, the pheropheromone receptor genes. If the choice of a second receptor is random, then blue neurons could express mones, provides information about gender, dominance, or reproductive status of other individuals in a species one of multiple receptors and project to multiple glomeruli. This would give the appearance of axon wandering and elicits innate stereotyped social and sexual behaviors (Halpern, 1987) . The receptor repertoire expressed when in fact the individual blue axons actually project to multiple different loci in the AOB. Two observations in the VNO is an order of magnitude smaller than in the MOE (Dulac and Axel, 1995; Herrada and Dulac, 1997; argue against this alternative explanation. First, we observe that the half-life of neurons expressing the VN12⌬-Matsunami and Buck, 1997; Ryba and Tirindelli, 1997). Moreover, the neural pathways that respond to pherotau-lacZ allele is dramatically reduced, implying that these neurons are defective and are not transformed mones bypass cognitive centers and stimulate a small number of selective limbic nuclei to evoke a limited array into normal vomeronasal neurons expressing a second functional receptor. Moreover, neurons that express the of innate behaviors. The vomeronasal system, therefore, provides an attractive system to examine how the recog-VN12⌬ allele reveal abnormal axon termini that are unlikely to form functional synapses. The blue neurons nition of pheromones is translated into instinctive behavioral responses. in the VN12⌬ mice are therefore abnormal, a finding inconsistent with the choice of a second receptor.
In this study, we have employed gene targeting to visualize the pattern of projections of axons from vomactivation of AOB domains would elicit different behavioral arrays. The existence of a relatively small number eronasal sensory neurons expressing a specific recepof distinct domains in the AOB is consistent with the tor in the accessory olfactory bulb. Neurons expressing observation that, despite the expression of 100-200 a specific receptor project to multiple (20-30) glomeruli pheromone receptors, the vomeronasal system elicits that are restricted to a small number of spatially defined only a restricted array of behaviors. This is in contrast domains whose relative positions are maintained in all with the main olfactory system in which the activation animals in the species. These projection domains differ of specific combinations of discrete glomeruli, rather for sensory neurons expressing different pheromone rethan domains of glomeruli, are thought to encode odor ceptors. However, the size of the domains and the numquality. At present, however, we do not understand the ber specific axons on specific glomeruli. These data, however, do not distinguish whether the receptor is playing
Generation of Targeted Mutations
a permissive or instructive role in the guidance process.
VN12-IRES-tau-lacZ
Receptor substitution experiments will be essential to and R. A., unpublished). We observe that neurons exdays, after which they were plated at low density and selected with pressing the VN12⌬-IRES-tau-lacZ allele fail to converge 2 mM ganciclovir. Colonies were picked after 5-6 days, and genomic DNA was cut with KpnI and hybridized to lacZ. One clone, T40/ on specific glomeruli in the AOB and ultimately die. A
